Abstract. In recent years, the chief approaches used to describe the terrestrial carbon sink have been either (1) inferential, based on changes in the carbon content of the atmosphere and other elements of the global carbon cycle, or (2) mechanistic, applying our knowledge of terrestrial ecology to ecosystem scale processes. In this study, the two approaches are integrated by determining the change in terrestrial properties necessary to match inferred change in terrestrial carbon storage. In addition, a useful mathematical framework is developed for understanding the important features of the terrestrial carbon sink. The Carnegie-Ames-Stanford Approach (CASA) biosphere model, a terrestrial carbon cycle model that uses a calibrated, semimechanistic net primary production model and a mechanistic plant and soil carbon turnover model, is employed to explore carbon turnover dynamics in terms of the specific features of terrestrial ecosystems that are most important for the potential development of a carbon sink and to determine the variation in net primary production (NPP) necessary to satisfy various carbon sink estimates. Given the existence of a stimulatory mechanism acting on terrestrial NPP, net ecosystem uptake is expected to be largest where NPP is high and the turnover of carbon through plants and the soil is slow. In addition, it was found that (1) long-term, climate-induced change in heterotrophic respiration is not as important in determining long-term carbon exchange as is change in NPP and (2) the terrestrial carbon sink rate is determined not by the cumulative increase in production over some pre-industrial baseline, but rather by the rate of increase in production over the industrial period.
Introduction
Currently, balancing the global carbon budget requires a net flux of carbon out of the atmosphere and into the terrestrial biosphere of the order of 1 to 2 Gt C yr -1 (1 Gt = 1012 kg) [Enting and Mansbridge, 1991; Moore and Braswell, 1994;  forthcoming. As a result, other approaches are necessary. To fill the vacuum, carbon cycle models have become more common as heuristic tools for understanding carbon exchange [Houghton, 1987; Moore and Braswell, 1994; Parton et al., 1995] . A direct, synthetic model approach allows terrestrial carbon flux to be defined in terms of the processes that control it: production and respiration. The size and nature of the sink, as well as any constraints on its location, can then be roughly characterized with the use of these models which take advantage of our knowledge of the behavior of the terrestrial biosphere [Friedlingstein et al., 1995] . Many researchers have estimated the size and location of the sink in this way [Gifford, 1994; Hudson et al., 1994; Schindler and Bayley, 1993] .
We take the next step by combining the inferential approaches mentioned above with the mechanistic approach, calculating the variation in different carbon fluxes necessary to satisfy an inferred estimate of the sink. In this study, we use the Carnegie-Ames-Stanford Approach (CASA) biosphere model [Field et al., 1995; Potter et al., 1993 ] to model changes in production and respiration through time and space. The CASA carbon turnover model mechanistically constrains the flow of carbon out of the terrestrial biosphere through heterotrophic respiration (Rh) which is dependent primarily on inputs of new carbon and changes in climate. Thus net global carbon balance in CASA depends primarily on variation in net primary production (NPP) and historical climate variation and its effects on R h.
We estimate the change in NPP that is necessary through time to satisfy changes in the global carbon cycle. We do not focus on any single stimulation mechanism, such as changes in climate, CO2, or nitrogen fertilization, as in the work of Friedlingstein et al. [1995] . Instead, we select the NPP stimulation that under the model produces exactly the estimated sink. In this paper, we develop this in two directions: first, we explore the dynamics of carbon exchange under increasing NPP and how changes in climate affect the link between NPP and the sink; and second, we calculate the variation in NPP necessary to satisfy several estimates of the terrestrial carbon sink globally and when forced into specific geographical regions.
Model Approach
Net carbon exchange in terrestrial ecosystems is controlled by a number of different processes, including primary production, autotrophic and heterotrophic respiration, land use change, fires and forest regrowth [Houghton, 1995] , and dissolved organic and inorganic carbon flow in river systems [Vorosmarty et al., 1989] .
In this study, following Friedlingstein et al. [1995] , we simplify the budget to include only net primary production and heterotrophic respiration: dC(t) d• = P(t) -Rh(C, climate)
where C(t) represents terrestrial carbon storage and P(t) represents net primary production, both functions of time. The term dC(t)/dt is the annual increment in carbon storage or net ecosystem production.
By (1), if dC(t)/dt is prescribed and R h depends on C and
climate, we can estimate the course of P over time.
Conversely, if R h is constrained through changes in carbon storage due to past changes in P, we should then be able to determine the size of the sink by changing P(t). If P increases at a constant annual rate, thus increasing the size of the carbon pools in the system, then R h will also increase (since respiration is a supply-based process) but with a time lag such that changes in R h will always trail changes in P [Friedlingstein et al., 1995] . Eventually, the relative rate of increase in R h will nearly equal that of P and a constant, nonzero sink will form, the magnitude of which in this special case will depend on the relative rate of increase in P and the turnover time of carbon. This is best illustrated in a simple model. 
where Po is the magnitude of P before the increase begins and r is the relative rate of increase in P such that 1 dP
Also, assume that heterotrophic respiration is linearly dependent on the carbon stored in the system,
where k is the first-order, climate dependent rate constant for decomposition of a single terrestrial carbon pool C. We can calculate the sink through time by inserting (2) and (4) into (1)
dt '
Solving for C(t), we find that
and that differentiating both sides gives
A simple solution for (7) exists when t --> oo. If we let
where, is the turnover time of carbon in the ecosystem, and allow t to become very large, carbon exchange approaches a stable value that is proportional to Po, r, and ,:
t->oo .
Thus the size of a stable sink after a long period of increase in NPP is directly proportional to initial NPP, the relative rate of increase in NPP, and the the turnover time of carbon in the system.
The sink calculated by (9) is reached asymptotically as t -• oo, as seen in (7). The time t required for the sink to reach a fraction f of the sink in (9) can be found by setting the right side of (7) equal to f times the right side of (9) to get t=-xln(1-f). P(x,t) = IPAR(x,t) e(x,t).
IPAR is the product of the fraction of photosynthetically active radiation intercepted by the canopy (FPAR), the surface solar irradiance S, and a factor 0.5 which represents the fraction of surface solar irradiance that is photosynthetically active, IPAR(x,t) = 0.5 FPAR(x,t) S(x,t),
while light use efficiency is the product of a globally uniform maximum light use efficiency, e*, one water stress scalar, and two temperature stress scalars that vary locally:
e(x,t) = We(x,t) Tel (x,t) Te2(x,t) e* . 
where R i is the rate of respiration from soil pool i, Ts and Ws are temperature and water scalars, respectively, and k i is the rate constant for pool i under optimal conditions. The temperature scalar T s is calculated from a Qlo equation,
where TAt • is in degrees centigrade and T s is a scalar which approaches 0 as TAt R -•-oo and equals 1 when TAt • equals 30øC. We choose Q lo = 1.5 for this study [Heimann et Climate anomalies. In addition to the mean monthly precipitation and surface temperature data, we used monthly air temperature and seasonal precipitation anomalies to constrain heterotrophic respiration for the period of this study (1880-1990). Monthly surface air temperature anomalies from 1880 through part of 1990 were obtained from a comprehensive anomaly data set [Hansen and Lebedeff, 1987; which has been updated continuously since 1987 and is available on-line. The data were provided spatially as described by Hansen and Lebedeff [1987] , in the form of "boxes", "subboxes" and "zones"; we regridded the data to a 1 øxl o matrix. Seasonal precipitation anomalies were derived from Baker et al. [1995] , which is also available on-line. We used their data starting in 1880 regridded from a 4øx5 ø to a 1 øxl o matrix. sphere, and so do not distinguish between carbon fluxes due to land use change and fluxes due to the terrestrial sink, while the long-term estimates account only for the flux due to the sink. In order to make all four estimates comparable, it was necessary to modify the short-term estimates so that they no longer include the flux due to land use change. We did this by subtracting an estimated rate of flux due to land use change (-1.6
Gt C yr -1, [Houghton, 1995] ) from every year of both estimates. This is reflected in Figure 2 . A key to the abbreviations for the different sink estimates used in this study, as well as some statistics on each, can be found in Table 3 .
Model Experiments
All experiments performed in this study are listed briefly in Table 4 
Experiment 2:
Global carbon turnover dynamics. At the global scale, with the spatial distribution of residence times and NPP imposed by CASA, and given a spatially uniform r as in (17), the absolute size of the sink should be dependent on both P and 'r. Given a constant rate of increase in NPP, the largest sinks should occur in areas with both high NPP and high carbon residence times, as in (9). This is, in As in experiment 1, the sink calculated by CASA (Plate 2d) slightly underestimated the sink calculated from (9). When applied to every modeled cell, (9) predicted a 2.25 Gt C yr 'i global sink, whereas CASA produced only 2.04 Gt C yr 'l. The degree of deviation was greatest in areas with relatively fast turnover in the faster pools (biomass and litter) relative to the slower pools (soil organic matter) ( Figure 6 ), which is not contradictory with the assertion that both sink estimates are derived from roughly the same data (Figure 2) . However, clearly a major difference between the two is that the amplitude of variation in the Ke sink is more than twice as high as in the Sa sink during the same period, which is reflected in the fit to the two sink records.
The year-to-year variation in NPP imposed by the Fr sink was qualitatively different from the variation imposed by the other three, as it showed the strongest consistent trend in NPP. This follows largely from the fact that the average sink rate from the Fr estimate is almost twice as high as all the others. Since the carbon pools in that run were initialized by a run from 1880 to 1981 that used the Ho sink estimate, the sharp break in the rate of the sink in 1982 caused a correspondingly sharp increase in the required rate of increase in NPP, as would be expected from (9). The interannual variation in the shortterm variation in the fit to the Fr sink, however, did not agree so closely with fits to the other sinks, and the fit to the Ho data was interannually relatively featureless.
Discussion
Dynamics of carbon cycling in the terrestrial biosphere. By definition, at equilibrium, the annual rate of heterotrophic respiration equals the rate of input of carbon into the heterotrophic community. If heterotrophic respiration is a first-order process, then it will increase as carbon storage increases, and carbon storage will increase as NPP increases. Thus the rate of change in respiration is linked to change in NPP, but because of the time delay between change in the two processes, the link operates primarily on timescales of decades.
From experiment 1 (Figure 3) , it is clear that the relative size and formation time of the sink following a perturbation in NPP is largely dependent on the turnover time of carbon in the system. The longer the time delay between the sequestration of carbon and its release determines how far NPP can exceed R h, and how quickly. However, there are other factors that affect the ultimate size of the sink (experiment 2, Plate 2d). Globally, regions with fast carbon turnover rates in plants and at the surface, where carbon is first deposited, have lower integrated turnover times as long as new carbon is being introduced (Table 1) , which effectively lowers the potential sink. Conversely, regions with finely textured soils (Table 2) There is considerable evidence that, in the last century, a large part of the sink could be attributable to temperate, boreal, and tropical forest regrowth [Houghton, 1995] .
If NPP were to stop increasing for any reason, the carbon sink would decline to zero flux in a matter of years to decades. This is an important point; the size of the carbon sink is dependent on the rate at which NPP is increasing: There are a number of important points to make from this. First, the potential sink is conspicuously low in a number of regions (Plate 2c). The world's grassland, tundra, and desert regions do not appear to have the capacity to sequester carbon at a rate approaching that of the boreal forests, let alone the tropics, and it seems unlikely from this study that grasslands should be major sinks (Figures 3 and 5) . Some studies highlight the potential for carbon storage in grasslands [Parton et al., 1995; Thornley et al., 1991] , but the biogeochemical constraints on the sink, as defined in this study, make a sink in this biome difficult without a large rate of increase in NPP (Figures 3 and 5) . Second, areas with the highest potential response to increasing CO2 [Mooney et al., 1991] , or nitrogen fertilization, are not necessarily those places that, given the same relative increase in NPP, would have the highest biogeochemical potential for a sink. For example, grasslands probably have a fairly high potential response curve to increases in CO 2, but the resultant rate of increase in NPP is unlikely to maintain a substantial sink when juxtaposed with initially low NPP and a relatively high rate of carbon turnover. And third, under the assumptions of this study, the potential sink is most likely to be strongest in the boreal and tropical forests. The combination of high wood turnover times, slow soil organic matter turnover (in cold regions), and high NPP give these biomes the greatest potential for carbon storage.
Historical variation in net primary production. In experiment 4, the relative change in NPP varied considerably, depending on the biogeochemical potential of the region into which the Ho sink was forced. Of all the runs in experiment 4, the smallest cumulative increase in NPP was required when regionally unconstrained (i.e., allowed to occupy all ice- This sink estimate, which is on average twice as high as the others, required a rate of increase in NPP that was dramatically higher than the others. In addition, if the sink estimate were to drop to zero in magnitude, the required increase in NPP would also drop to zero.
The results of experiment 5 (Figure 6) show that, over timescales of decades and longer, any sink estimate that has nearly the same magnitude as another will require about the same long-term change in NPP to satisfy it. In addition, the large variability in the sink from year-to-year (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) What is clear, however, is that a consistent increase in NPP is required to sustain a constant sink rate. Heterotrophic respiration is controlled to a large extent by changes in climate, but the cumulative, climate-induced change in carbon storage is not on the same order of magnitude as that of the sink over long time scales. In addition, since heterotrophic respiration will continuously approach a balance with inputs of new carbon, the rate of respiration will be set largely by change in NPP, leaving change in NPP to account for the greater portion of the sink.
Conclusions
1. The carbon sink can be roughly calculated as the product of annual net primary production, the annual relative rate of increase in NPP, and the turnover time of carbon in the system. This means that, given a consistent rate of increase in NPP among sites, the regions with the highest potential carbon sink will be those with high NPP and slow carbon turnover, such as tropical and boreal forests. CASA provides a close approximation to this rule, but the greatest deviations in CASA from that rule occur in regions where the system is sensitive to "front loading" that occurs when there is a flux of carbon into the biosphere.
2. Long-term climatic change may not be the most important direct controller of global heterotrophic respiration. Only a small change in heterotrophic respiration over the period of this study can be attributed solely to changes in climate. The first-order nature of the heterotrophic community and the negative feedback that exists whenever carbon stocks increase or decrease make this so. Since climate does not seem to significantly decouple NPP and respiration, NPP, which may in fact be strongly influenced by changes in climate, appears to be the primary factor determining the rate of heterotrophic respiration.
3. The maintenance of a terrestrial carbon sink over extended periods of time requires a small, but consistent, increase in NPP. From 1880 to 1990, the change in R h due to climate variation does not approach the rate of carbon exchange prescribed by the Ho and Sa sink estimates. Thus we predict that net carbon exchange will depend mostly on the rate of change in NPP.
4. If NPP were to stop increasing in a region where there is a net carbon sink, the sink will eventually disappear. The size of carbon sink depends not on how much stimulation is occurring but on the rate of increase in stimulation.
